Abstract: We developed a novel method for titanium coating material using modified thermal decomposition technique, specifically focusing on presence of CaTiO3 and carbon C. Two layers of thin film coating composed of CaTiO3-amorphous carbon compound (CaTiO3-aC) and hydroxyapatite (HA) were generated on titanium surface. In this method, ratios of Ca/P as well as Ca/Ti, sintering temperature and sintering velocity were carefully planned. Within crystal structure of CaTiO3 granules, 4 atomic % of carbon in amorphous state was included. By our method, inclusion of carbon in HA suggested formation of carbonate apatite. Regarding with attachment-detachment experiment at titanium surface, adhesion strength was 2.5 times stronger in CaTiO3-aC/HA coating substrate as compared to HA only coating material. Results of the novel developed modified thermal decomposition method suggested that the 2 layers biomaterial composed of CaTiO3-aC (0.6 µm) and carbonate apatite-included HA (2.4 µm) can be used as a coating material on titanium surface.
Introduction
Titanium implant has now been used in the clinics after reforming its surface with several methods such as blasting.
Although titanium implant possesses excellent mechanical strength and biocompatibility, affinity to living bone is very low due to its bioinert feauture 1) . On the other hand, hydroxyapatite (HA) has excellent bone conductivity with osteogenic tissue, and thus has been widely used as a filling material [2] [3] [4] . Thus HA is generally used as a coating material to improve bone conductivity of metal materials such as titanium and its alloys, stainless steel, and CoCr-Mo alloys 1, 5, 6) . Plasma-sprayed HA coating of titanium implant is one of the most commonly used methods in the clinics [7] [8] [9] [10] .
However, there are many shortcomings of this method. The plasma method is performed at high surface temperature (1200 o C), and coating film is thick (50 µm) and is easy to detach 6, 7, 11, 12) . It has also been known that bone bonding ability decreases in coatings performed with this method. Moreover, HA coating formed by plasma method consists of α−TCP, and its chemical bonding ability with titanium is weak. There are also concerns of resorption in biological environment 9, 13, 14) .
To solve these problems, development of a different method other than direct plasma-sprayed HA coating to implant substrate is necessary. Conditions for development of such a method include: a thin HA layer without α-TCP, and similar level of crystal structure and components with living body from a perspective of biological affinity, necessity of development of a material with possible thinnest but strongest ability of adhesion at interface between HA and titanium substrate, and this adhesive material should have biological affinity with long-term bioactivity in living bone.
Herein, we report development of a film-like new titanium coating material containing CaTiO3 and carbon with modified thermal decomposition method.
Ukegawa performed plasma coating of HA at titanium implant surface and examined bone bonding ability 10) . Although presence of perovskite (CaTiO3)-like substrate was reported as an adhesive interposition material (between TiO2-HA), structure as well as its involvement in adhesion was unknown at the time.
Preparation of perovskite (CaTiO3) is normally made by dry method. Thus it could not be synthesized other than powder In this study, we used CaTiO 3 -aC as coating material and examined adhesive strength with titanium.
Material and Methods

Preparation of CaTiO3-aC as well as coating solution
Highly pure CaCO3 was heated at 1050 o C in normal air for 2 hours, and CaO was obtained. Co. Ltd., Tokyo, Japan)( Figure 1 ). The measurement was repeated 6 times. Table 1 ). Measurement of element ratio (atomic %) at CaTiO3-aC layers was described as follows: As shown in composition image (reflect electron image) of figure 6, asterisk mark (*) shows irradiation center of electronic beams at EDS analysis. As shown in this image, enlargement of electron beams was subtracted from this ratio, the actual ratio was found to be 3~4 mass%. On the other hand, at the second HA layer (point 039), because 
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Adherence strength of Ti base and coating materials
From result of pull up strength test of 1 layer CaTiO3-aC coating method, stress curve plotted is shown in figure 8 . Results of adhesive strength test between each coating layer and Ti base material were found to be 3 times higher for CaTiO3-aC alone (6.3 MPa) and 2.5 times stronger for CaTiO3-aC-interpositioned HA coating (4.9 MPa) as compared to HA coating alone (2.0 MPa) ( Table 2 ). This result suggests that CaTiO3-aC functions for improvement of the adhesive strength between Ti and HA.
Discussion
Characteristics of titanium coating material (CaTiO 3 -aC) prepared by modified thermal decomposition method
Recently perovskite (CaTiO3) and similar materials have been paid attention due to their use as an adhesive substrate for titanium coating material 6, 10) , as well as their novel biomaterial characteristics with high bone conductivity ability [16] [17] [18] [19] [20] . And Table 2 . Adhesive strength between the coating and titanium. development of an insoluble HA coating method instead of plasmasprayed coating has been rushed. Within CaTiO3 coating method, only 50nm of ultra-thin layer can be done by ion sputtering [17] [18] [19] [20] , and thus regarding with absence/presence of bone conductivity, opinions are not constant. Therefore thermal decomposition method took attention of the researchers 6) .
In this study, we developed a modified thermal decomposition method for HA and CaTiO3 coating. This modification resulted in formation of a novel compound (CaTiO3-aC) for the coating, which consists of carbon in addition to perovskite (CaTiO3). Our results clarified the following facts:
Thickness of CaTiO3-aC (0.6 0.1µm) and HA (2.4 0.4µm ) layers is extremely thin.
Since CaTiO3-aC is composed of granules with a size of 10-20 nm and the carbon is indefinitely localized, the carbon was considered to be in an amorphous state.
Content of amorphous carbon within CaTiO3-aC coating is about 4mol%. Besides HA layer also consists of carbon. Thus HA layer was considered to have characteristics of carbonate apatite.
When CaTiO3-aC was used as a bonding material between titanium and HA, the adhesive strength was 3 times stronger as compared to HA alone coating.
Furthermore our group has also examined physicochemical analysis and bone conductivity of the novel material. Moreover, Zhou and Akao showed that pore of titanium plate coated with double layer of CaTiO3 and HA by thermal decomposition method had similar bone binding power as compared to HA only coating in an animal study 6) .
All these studies and our current data suggest that CaTiO3-aC prepared by modified thermal decomposition method is an excellent material for using both as implant coating or adhesive material for HA coating.
Zhou and Akao reported for the first time coating method of perovskite (CaTiO3) and HA 6) . Calcium titanate generally known as perovskite (CaTiO3) has a cancellus cuboidal crystal structure.
Within this crystal structure, 1 calcium ion at the center, 8 titanium ions at the peak and 12 oxygen ions mainly at the periphery are located. Though it is prepared as particular form by sintering with dry method at 1200 o C, it has been known that it cannot be made as film type and does not contain carbon. Therefore, we considered that CaTiO3 coating material at the current study should not be called as perovskite. Rather synthesis of a novel compound named as CaTiO3-aC was suggested.
Mechanism for improvement of adhesive strength at the border of titanium and CaTiO3-aC remains unknown at this point.
Generally it has been known that the higher the energy at metal surface, the better wetness with liquid occurs. Carbon has been reported to increase this surface energy 15) . And both metal and carbon are hydrophobic and shows good concordance. Therefore, one possible explanation for higher adherence strength of CaTiO3-aC-interpositioned HA coated titanium than HA alone-coated titanium in adherence strength test could be increased adhesion due to enhanced wetness depending on carbon presence.
What kind of form does carbon have within CaTiO3-aC compound? Our analysis showed that carbon existed in an indefinite form within CaTiO3 crystal. The carbon atom was suggested to be in amorphous state without crystallizing ( Figure   9 ).
Differences between modified thermal decomposition and general thermal decomposition methods
In conventional thermal decomposition method, a solution with equal Ca/Ti composition ratio (1) in CaTiO3 solution of the material is prepared. Using this ratio, only CaTiO3 can be formed, and amorphous carbon does not exist. In our modified thermal decomposition method, Ca/Ti ratio in the solution was kept between 1.01~1.10. Thus more Ca in the solution had reaction with TiO 2, and plenty of nano-level calcium titanate-amorphous carbon (CaTiO3-aC) was generated by sintering.
On the other hand, Ca/P was mixed within HA solution of the material with a theoretical ratio of 1.67. When this ratio was used, in plasma-sprayed method (high temperature), CaO and α-TCP included HA is synthesized. Thus this formation was considered to advance resorption of HA. However, in our modified method, Ca/P ratio was prepared in a range between 1.75~1.85. In this case, as reported by Zhou and Akao 6) , about 30% of β-TCP included HA is synthesized, and CO3 replaces with PO 4 , which then results in formation of a small quantity of carbonate apatite.
Generally hydroxyapatite in the body has been known to contain low resorptive β-TCP rather than small quantity of carbonate apatite or α-TCP. According to comparative experiment of the HA solubility sintering at 650 o C and 1200 o C by Okauchi et al (unpublished data), solubility of HA sintered at 650 o C was lower as compared to its sintering at 1200 o C. Moreover solubility of CaTiO3-aC as compared to HA both sintered at 650 CaTiO3-aC was lower. Thus these results suggest that resorption of 2 layers of CaTiO3-aC/HA in the body is late, and the bone conductivity is expected to be kept for a long period.
In the current modified thermal decomposition method, the sintering temperature was limited to 650 o C. At temperatures less than 500 o C, generation of CO 2 becomes easy, and CaCO3 is 53 formed, which decreases crystallization and then bonding ability of HA. At high temperatures, titanium base has been known to become fragile [17] [18] [19] [20] . Moreover, in the current modified method, a rapid heating o C/minute) was made as an absolute condition. Due to rapid heating, O2 supply will not be enough, which gives rise to incomplete burning. Thus carbon within the organic solvent will remain in CaTiO3 crystal in an amorphous state. As mentioned above, this amorphous carbon was considered to improve wetness at Ti surface border and contribute to increase of adhesive strength between Ti and HA.
In conclusion, the novel developed coating material (CaTiO3-aC) can be used for various purposes such as titanium implant coating substrate or by itself as a new biomaterial.
